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Tavle 2% 10
Summary of the analviis of geszresants by
Yransduction test, lysate test and
by creseing test
Recip. Trned. 1 Clagsification of segrezant by
Culture Lysate ®rnsd. Lypsate Crogs ’
Idiotypie Allotypic
(+) Tot. Prot, (+) Tot. Prot.
Galy- Lp®  wild  (1)Gal,- Gal,- O 7805 - -
(2) v " 0 4992 - -
(3) " " 0 106 - -
(&) *® " 0 4552 - -
Galy- Ip*  wild (1)@al,~  Galy- O 4070 - -
(2) » . 0 5384 - -
(3) ¢ " 0 2072 - -
(4) * 4 0 6988 - -
Galy- Lp®  wild (1)Gal-  Galy= O 896 - -
(2) » " 0 918 - -
(3) ¢ " 0 113% - -
(L) ® | 0 863 - -
Galy- Ip® Galy~ (1)Gal,-  Gal,- 0O 2786 3 3183
(2) » " 0 2675 2 3471
(3) * " 0 3485 23 5342
(b) " 0 5552 1 1665
{5) ¥ " 0 5000 1 891
(2) *® " 10 L36h 0 1187
Galy~ Ip® Galy~ (1)Gal,-  Galy- O 16104 3 1389
(2) » " 0 5730 1 164
3) " " 0 3358 0 202
(4) " 0 12848 1 171
(1)6al,~  Gal,~ 1 11200 0 827
(2) n " 6 10608 0 718
Gy s " 3 5000 ) 409
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Galy~ s 463\ 0 W63
+ 20 0 20
Gal,- s - Gal,- (DY 6 1 0 7
(4) v 12 0 0 1
G&lb— l 0 4] 1l
+ Gal,~ (5): 36 6 0 b2
(6) ~18 3 0 21
Galy~ it 8 Ga.ll- 20 0 0 20
“;.“-fd G"]‘l}' 21 1 1 23
+(7)¢” Galy~- 19 2 0 21
(8) :- 14 3 2 19
(9) ¢~ Galy- 22 1 0 23
(10)-- 9 7 0 16
0aly- skt Oal,- (11)'17 2 0 19
‘ ‘ (12).351¢ 53 Xo el
+ (13)-16 3 o 19
r (14)°15 3 0 18

(17,187, (107, cultares of V2175, (2),(7),(9), caltures of W1Z10
(3),(6),(11), lysates of ¥W1210. (4),(5),(12),(13),(14) lysates
of W902, W902 is the Lpo® pareat of W2175,
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Table 12
Sesresants in table 11 whose classification
was confirm the action of their lysates on
known cultures
Recipient Lp Trnsd. Segregants
cells flenotype lvsate idietypie allotypic total
Gal,~ + wild 5 0 5
Gal,- + (1) L 0 ]
(2) b 0 b
Galy- s 4 0 4
+ L 0 L
cal, + Gal,~ (3) 4 5 9
(&) 0 3 3
Gal,- s Gal, - 0 1 1
+(5)  Gal- 0 2 2
(6)  Gal,~ b 0 b
(?) 0 1 1
Gal;- s Galy- (8) 16 3 19
(9} 0 1 1
+ (10) A5 a2 -8
60 19 79

(1),(5),(6), oultures of w2175, (2),(7), cultures of W1210
(3),(8),(10), lysates of W902, (4),(9), lysates of W1210



Tadle 18.
Galactose pesative cultures giving
/,,r"'\,_.-»"\-—"’"\
HFT Recipient Trasd, Hature o 5 o] Sature of Gal+
sulture cell lysate Gel+ re averaion EFT ges
Gall- Galy- Galz- unatadle Gall- stable
G'all- Gal - G‘al - m’t&blc Gal ~e Gal . 'table
e 0alj- GaL,%
Gal,-* 2
Cal~  Calr~ Gal,-  unstable Gal  stable
: G‘f‘ll‘ Gaj.z- msta§1¢ Gall-oalz- nene observed
Galg- Galg- unatable 0311-8312- nons obgerved
Gal;- Gal,~  unstable Gal,- shloe
Gal, - Gal,~  unstable Gal,-  slekete
Qa1 EUgH * unstable Cal,~ -
Gal,~ .. unstable Galz- stable
Cul- —Galz-‘
Gal - —Oalym - »%1-2-- S — N
Galy- Galy=  ut dune Cody - shble

* Trangduction made with a mixture of HFT Gall— and %al,- lysates.
** Those lysates were from a nixture of cultures, .



Tadle 1!"

Sorrelntion of lysomepiolty with tranaduction using
Araates £iving & high frequancy of tragsducticn

g
%&MA&M
ells Poat omber of colonies observed

Exposed Exposure

o cell titer Gal(-) Ogd(+) Gal(-)partially lveed .
Broth 5,1 x 107 3280 0 0

HFflysate® 3.5 x10° 2801 31 P

AL s St A - ':_, B b 2R N = ' Y s - :."A' ‘;'v e
Colony Bumber of Number of colonies
type . colonles examined 1p® Lp* L%
Gait-) n 3n 0 0
Gal(+) | 26 0 23 3

* Lamdbds plague ¢iter was 1,2 x 107, One ml of oell suspension
was added %o one ml of lysate and the mixture incubated at 370 for 10
minutes, The cells were then centrifuged down, the superhatant discarded
and the cells resuspended in one ml droth. The suspeusion was then diluted
and plated on EMB galactose mediunm,
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Teble 16
Zhe STRERLE interaction Detwean Oal)~ and Oal,-

hc&ptmt Trasd, unmber of colonies
Lp® celle  EFE lvsate Qal(+) _ Oai(~) - 1
broth
Pa1, fintye 0 b5 0
Gal) -~ broth 0 440 1]
o Og1, - 0 408 2

Bnm&nnuon o! maatone nogitive ugregsnn derived frm anlacton

lpient T Irnsd. G ~ aiﬁcation of usrem.ntn
Ln.w Ga,hr M—- Caly=0el,~ _Gal(-) papilleting
Galy~ Gl 10 2 0 1
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discovery of a compatibility mechanism (15), a lysogenic systen subject
to genetic control (10), and a 'syst,em of limifed transduction by temperate
phage {22) comparable to that of Salmonella (28), These three phenomena
involve transfer of heritable factors by infection in contras:i to bac‘oeriai
maling which involves the entire mﬁotype. The clarification, differentiation,
ard interrelationships of these mechanisms were emphasized inA this in-

vestigation,

I The LYSOGENIC SYSTEM IN E. COLI K~12

The relationship of a texperale phage, A, to a specific locus,

Ipq (latent phage) has already bsen reported (10), In gummary, the prin-
eipal veactlon types of bhacterial strains are: sensitive (Lps) s lysogenic
(Lp®), and the non-lyscgenic resistant type, Immne-I (Lp~). In crosses
vhey behave as a gystem of multiple allsles , 1inked most closely with
Galj, This linkage has been confirmed in a Cal* Lp* x Gal™ Lp® cross |

in another laboratory (27). In addition, the two factors segregated out
éf beterozygous diploids in the parental coupling._ This evidence points,

therefore; to 2 genic determirant regulating the maintensnce of Aprovirus.,



(2)

Prom a mmber of direct and indirect experiments it is known that all
thege types adsordb }., A second J.ocus, Lp2, controls registance or sen-
sitivitvy to)\§2, a virulent )..mutant, and is sitvated in the Maly~-S region
of the chromosome. AS i:pf strains cavnot adsord }\, they are therefore
not subjeet to any consequences whose initial reaction requires adsorptiong
Lp2 does not Jnterfere with the maintenance of Jtpmviously established

in Ip* strains, The genotype Lp®Lp," is consequently indistinguishable
from Lp*lps® types with‘ respect to lytic effect of )‘.‘ Crosé-react.ions of
)\&rj.th )\-2 antiserum have been observed,

Yew Data _gzz Tamwmne-1t The gtatus of the various isolates of immune~l

gstreins has bzen reporited, and the interpretation of their constitution with
respect to prophage had been reserved pending evidence of a Yeryplolysogenic®
phage that normally fails to mature to glve rise to lytic virus, The
segregation patternl of Gal+Lp+/Galh"Lpr diploids , also heterozygous for

il and Maly (table 7 ) is icentical with similar Lp' /Ip° results., The
hypothesis that Lpr types rpay carry a ncn-reproducing prophz;ge is supported
by experiments in which a low titer of }\was recovered by U~V induction of

at least one (22). Ip” types are also subject to transduction, and the

results of these stodies will be deferred to that sectlon,



Incidental Verdiant Tynes: Mo wew evidence bearing on the problem on

the "semilyscgenic” strain (10) can be presented, Teats to determine
whether host-modified )\,Has carried (section III) were negative,

An intermediate host reaction, semiresistant to both A and L—?,

comparable ©o the cre in Shigella paradysenteriae (25) and tﬁe le allele
of K-12 (11) haé been clarified, Standard )‘ s;spensions have a reduced
efficiency of plating {(eop) on this mutant such that the plaques produced
are reduced in size and number, and also show a reduced efficiency of
transduction, | The rmbants have been successfully lysogenized, but are
still semiresistant ’oo)\-Z. The protocols for crosses which estzblish

é mutation at a new Lpy locus nob linked to Lp2-Mai olr Lpl « Gai, and

conferring partial registence to ,L, are presented in table 13,

(3)
G

Mochaniem of infection; Mutaticn and Selection vs. Induction: Breeding

ezperiments amxi diploid segregations reveal only the chromosomal determi~
naat of lysogenicliy. The facility of the change Lps to Lp'g' encourages
the possibility that ldirectly induces (rather than selects) L’p+ among
the numerous survivors of exposure te phage. The following types of
‘evidence would be useful in elucidating the primary infection process:

(1) identification of a "prelyscgenic" genotype in the absence of phage



(L)

the mutation hypothesis. It wonld be characterized as

an apparent immune-l thait would be converted to a stable lysogenic after

would oncourags

treatment with)\, (2) a careful study of the dynamics of infection, in-
cluding the isolation of clonal psdigrees of ‘single cells exposed to )\
which engerder lysogenics. A purs lysogenic pedigree would favor the
induction hypothesis, ‘

Attempts to identify the prelysogenic genotype in K=12, and hybrids
of K~12 and other crossable lines have been unsuccessful, Preliminary
experiments of:; the infection précess (10) have disclosed lysogenic colonies
contaminated with sensliive cells and free phage long after initial con-
tact with \. These mined clones have since been confirmed in K-12 (18)
ard Salmonella (11,21,238B). The possibility that spontaneous alteration
of the bacteria predisposing to a- lysogenic decision plays some role in
the recovery of lysogenics is thus not yet excluded, However, the simplest
conception remalns that the genetic elements of the phzge are directly
incorporated in, or attached to the bacterisl chromosome as we have been
&ble to find no indication of an e.xtra-mmlear'inh-sritance of lysogenicity.

The Effect _q_!:’&_ and F on Cmssing Behavior: . The presence of )\ in

ona, both, or neither of the parents of a cross does not influence the

vield of recombinants. As noted earlier (8) sensitives were not eliminated
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as lethal phenotypes, tut the progeny of lysogenic x sensitive included
both parenial types, and no others, in ratios depsndent on tﬁe selected
auxotroph markers, On the other hand, the compatibility factor (F)
determines not only the yleld but also the segx’egation pattern of many
overtly unselected markers, FPrototrophs are recovered only when at leas.t
one parent is Fj; F also seems to direct the elimination of certain chro-
mogomal segments after the formation of the hybrid szygote (15,23). The
important distinctions of F and Aare summarized in table 1 o These

are emphasized to mitigate any confusion that might arise from the
suggestions that have been recorded clsewhere that kmay play a direct
role in sexual recombination as well as to emph:xsize the distinction bee
tween the A controlled transduction of restricted genetic factors and the
Facontrolled sexual recombination. The independent transmission of these
factors was demonsirated by the recovery of (1) Is“‘]lq_;8 cells on the one
hand, ard F'Lp' on the other, from mixturss of genetically lsbelled

FLp® and F'Ip*, and similerly, (2) Lp*F~ (but no Lp®F* or Lp’F*) as sur-

vivors frem F-Lp® expossd to )kacontaining filtrates from F+Lp+ cultures,



(6)
II TRANSDUCTION

Cell-free £iltrates derived from sultable Salmonella strains were
czpable of tramsferring unit geﬁetic factors to a competent recipient (28).
A wide range of irdependent mariers has been equally subject to transduction,
Additional analyeis has showm that the temperate phage of the donor strain
iz the vector of the genmetbic mteriai (16,25), Attempts to detect transe
duction in Kel2 among the survivors in the turbid centers of /{ plaques
were negative (10); but by using high-titer lysates obtained by U-V
induction (20), a succezsful trensduction was achieved (22). Two striking
contrasts with the Salmonella system were demonstrated: (1) the restriction
to a single geretic characier, galactose fermentation, and (2) a stz*:lkingr -
instability manifested by mosaic Gal®/Gal~ colonies after transduction
desplte repeated single colony purification on EMB galactose agar,
The incldence of persistent :i.nst:ability; rarely if ever encountered
in Saluonella (lh); varies with the recipient strain,

Confourding of Transduction with Recombination 7?: The conditions

roquired for transduction are gererally precluded inm crossing experiments,
Moreover, the unstable mosaie Gal+/Ga1" colony characteristic of trans-

duction has not been so far recovered among recombinant progeny. A



(7 A

more careful inguiry into the seffect of k and Gal segregation was recessary, e

however, in view of the transduction phenomenon, since it may provide an
alternatiw interpretation of the Gal-Lp cosegregation ratios currently
gsatisfied by a linkage explsnation, Crosses of genetically relatsd parents
differing only in the presence or absence of }\t—-:ere therefore studie;l,
Table 2 demounsirates no significant deviation in the yleld of C-a1+ e

combinants where parentfs vary only for the Lp marker,

Is Transduction a Selection Artefact?: Interaction of genotie

factors on reverse mubation of entirely indepehden’c loci have been re-
ported bafore {( 15). An analysis of the Gal- segregation from the une
stable transduction, the allelic tramsduction, reported below, as well
a3 many oither types of evidence (22) rule out the interpretation that
the transduction 13 2 selection artefact., The most convincing evidence,
howsver, has been the development of specific Gal™ transductions in Gal+
recipient strains by means of /l yith extreordinary high frequency of
transdvetion (22), when the )\ donor waz Gal™,

Transduction and F-irgnofer: dJust as lysogenization is independent

- . S S .
of the comversiecn of I inko ¥ etrains, the trensduction mediated by ),

is unrelated to the F status of either the recipient or the donor cells,



(8)

Crozses of F~ x I by standard technicues are completely sterile., Howe \b%
ever, recomdination of two nonallelic Gal” mtants can be indirectly deme
onstrated by transduction. Lysétes from Lp Gal'F~ were completely
functional in introducing the Gal' factor to Gal F~ cells; Siﬁilarly,
anrallelisn of two Cal F~ sireins can be established by the formation
of Gel* in transduction experiments whereas the sexual sterility of the
cross would bloék.cell recombination‘gg‘gggg;.,

Crosses of a strainﬂcharacterized'by-ité ephanced fertility, Hfr;
(15) digplayed a 1inkage of the Hfr trait to Gal (12), These data were
verified (taﬁ?ie 3v)ifoz- Gal"p, Despite this linkage, efforis to trame-
port the Her and Gal® factors simulteneously into G21"F Lp® reciéient
cells via }gpreparéd from Hfr bacte:ia were unsueccessful, The conversion
of F7 to F¥ by )\filtrates from ¥ otrains was examined by crossing the
Gal® transduction with F* tester strains and was likewise unsgccessfula
.The compatence of )gin transduction therefore continues to be confined h

to the Gal clustera‘

The Concurrence of Transduction and Lysogenization: Observations

" on the By coli system, as in Salmonella, are consistent with the hypothesis

that the vector of transduction consists of temperate phage. A4s a rule,



(9)

%ha trensductions Lsolated fyom Gal~lp® bactezﬁ:-" expesed to )\ are con- @
sigtently pure, stable lysogenics, despite the persistent instability of

the Gal® trait; the ensuing Galafsegragants are also lysogenic. Lyso-
genization occurs very much more frgquently than transduetion, but the
correlation of the two romained to be explqred as evidence bearing on

the hypothesis. In the first experiﬁent (table 4 , part A) transductions

usre picked as Ga}fbéapillae and streaked ou§ op EMB galactose agar. A

single Cﬂ1“ ('anrasentipg nonpuranulnduced cells) ard a single Ga1*

{the successﬁul transduction) were each teste§ for lysogenicity on an
appropria#e Lps in#icator; In experiment B; mgrked Galprs cells in

he approximate proportions expscted frgm_tra;sduction were Introduced

with the Gal™ and the_mixed culture on EMB gglactose plates, With the
sssumpbion that both Lp® strains would a&sef§ and be eqﬁally affected
bzA\s g disparity ip lyscgenizations of the two egsuing Gal* ciasses
was looked for. Whoreas all of the trensduction Gal™ were lysogenized,

only up to 708 of the artifically inserted Gal® or of the originmal Gai”

had been infecﬁeda Both parts of the experiment show a distinct corre-

lation of lysogenization with transductions; the incidence of lysogenization

i3 almost higher in these than in the control bacteria on the same plates.



(10)
Segregation of lysogendc sersitive bas not so far been observed (up to @
500 tests) from these simultaneously transduced and lyscogenized recipiepts.
This evidence argues that A_is the passive vector of genetic material from

%5 source strain, This material is injected to the bacterium by the phage,

s

In Saimonella r‘i;he transduced genetic fac‘b_o:fs seem to undergo an im&diajbe
substitution for the v}?omolo.gues in the recipient bacterium, if they are
sucecessful at all, In E, coli K»l2, however, an intermediate stage is
perceived where one cax; detect simuli;aneously the presence .of the original
recipient and the new transduced gernetic factors in the same cells by virtwe
of their subseéuent segregation, The relationship between this replacemesnt
of genetle material and the coaversion of virulent ).into its prophé.ge

stage (”reduct:?.on“ 6) has not yet beén completely worked cru'b;, Az will be
described belov?, however, these processes have besn separated and are
therefore not mtually dependent.,

Lysogenization of Irmmne-l1 in Tronsduction Experiments: When immme-l

—e

strains such ag W-1027 and W~192} are exposed to l, no evidence of their
ly’sbgenization is ordinarily | perceived. Howaver, under conditions where

transductions can be selectively isolated about 5% of these altered bacteris
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are aleo found to have been lysogenized, Repsated serial segregation Xﬂk\,
of the resulting transductions showed that in some cases, lysogenicity
failed to segregate. Im others, lysogenicity and Gal segregate together,
while in a single instance a lysogenic Gal™ segregant was found wﬁich con=-
tinued to segregate Lpr colonies, Sometimes a very weak lysogenicity is
chserved ("onefplaQue types™ in crossfbrush tgsts), which is completely
lost after a few ﬁransfers, Some of these atypical cases are presented
in table 5, and suggest the following alternative interpretations:

(1)prr celis ére genetically lysogendc but carry a modified prophage.
Thezs cells are generally resistant to infection with A, However, ,&;
nay ba excepﬁionally introduced simultansously with the Gart fragment

and there may displace the avirulent form of the prophage, or when

Lp segregation is observed, both prophages persist together for the

tine being. (2) The Lpr 1s & "mll" allele., In transduction, Lp*

and Cal” factors are introduced, but the lysogenicAmmne segregation
cccurs when Cal segresgates. This hypothesis can not account easily for
the G=1"Lp’/” types except by devising a complicated scheme involving
crossingover, (3) Iimunes may or may not be genetically lysogenic,

The production of Lp+ signifies the occurrence of a double transduction

at two loci, Gal and Lp., (a) ordinarily these linked factors would tend
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4o be lost as a bleck in the er§uim; segragation, or (b) a lirked transe \Q
ducticn does noi operate., By a two-step process, two effective particles
have penstrated; one fragment carries Gal'{'; the other Lp®, Independent
spgregation is permitied and a2 mechanism requiring the breakage of a. 2=
facter linked fragment as in (2) is not called for.

In any ;:event, special assumptions mqst. be made on the avidity of
the Lps locus for pro~)\ to account for t.hé failure of transduciions to .
Ip° to segregate Lp’'/Lp° elong with Gal*/Gal™. However, the Lp® may
~only block the propagation of }\of its reduction to prOw)Q

Hypothesis (1) accounts for the occurrence of lmmunes which can
be induced by U-V (22), The vecovery of unsiable Lp  traneductions in
non~transinduced Gal~ would tend to support hypothesis 3, T];e most
deciszive elucidation of whether transduction displaces a mubant phage
particle with a2 wild {ype )g or whether a normal Lp+ allele is substituted
for a mutent or mull host Lpr gene would be provided by experﬁsents. with
genstically distinguishable: )\ preparations; Lpr/l,ps transductions were
pfom:’nent with irradiated A‘ tending to support hypothesis 2.

Irradiation effects: Quantitative assays of transducing potentiality

of phage preparation are necessarily based on plaque counts, The survivel



atier varioues ircatnents of placue~producing particles and transducing '\qz
particles are not identical either in Salmonella (28) or K12 (22).
In fact, it is known from both studies that transducing power may be .

increaged at some inleimediate dosages. A comparlson of the effects of

7.7 ard X-radiation is given in table6. A U~V dose reducing plaque

10 5

assay from 1/2 x 107 to 16.9 x 10° per ml yielded 170 ‘bransdu.ctions
frc;m an initial titer of 103 / ml. A comparable X~ray dose was found
to be betwaen iSD 5000 and 200,000 r, Yo ;-ecognizable transductions were
recovered at the latter exposure, Two vieupoinbts are indicateds

(1) the lytic and transducing principles in ,}\are separeble by their
inciependent sumrival; and (2) avirdent )\parﬁicles are produced but
they ave damaged vorﬂ,-y to the extent of virulence for the host cell.;
Conclusive evidence favoring ome or the other views of Lpr, however,

is not yet at hand, 4 decisix_re chemical and genetic separation of the

transducing naterial from the virus particle has not yet besn experi-
e :

mentally achleved, whether oﬁ not 1t is abt 211 thecretically possible,

GERETIC DT::FINITION OF THE GAL LOCI

H B

Recombination: Attsntio"n was focused on galactose nonfermenting

matants because of the coincidence of the first recognized A-sensitive



(1)
mutand in Gal"’h (2;”518) , and the subsequent observation of linked @
segregation of Lp and Gal), (10). Gal® mutants have been isolated
directly by inspection of surviving colonles after U~V {reatment on EMB
galactose agar and also as non-papillating variants of Lac™ mputisbile
recovered on EMB lactose agar plates. Interaction of Gal™ and Gal*
cn the phenotyplc expresslon and revérse mutation of Lacy and Lac7 alleles
have been described (9). Recombination analysis provided the evidence for
a cluster of four linked Gal loei (7), Galy ana Gal), show a very low
order of crossovers, Preliminary data could only differentiate them
on the basis of behavior in Het crossesj Lp and Galy are both hemizygous,

while Ga1h+/Galh” heterozygous diploids ave readily obbtained (vebie T )o

Iransduction: Iransduction tests reinforce standard allelism tests

(table 8), and in fact have tentatively identified several new loci,
now awaiting confirmétion by recombination analysis. Whether the
relative yield of 0al” transductions is proportional to the map dise
tance between Lp and the Gal locus is ianueation. The results of
large-scale allelizm tests made available to date by new techniques

o facilitate crossing are summarized in table 9,



Tha in‘s tability characterisvic of the Gal® transduction results
in the mosaic colony already noted and deserves furthér coment.
Despite passage through a large number of serial single colonies, Cal-
segregants are almost always thrown off, In transductions from Ga1+,
1.8, Gal+ ~x Gal”, these (Gal” segregants have been identifiled as alleles
of the locus of the original racipiént st.rain, both by crossing and further
transduction tests. No other kinds of Gal~ have been recovered, On the
other hand, if the donor is a non-allelic CGal™, both donor and recipient
G-él"’ appsar among the segregam;s from the Gal® transduction (22). For
example, Galy, --x Gal}~ gives galactogse-fermenting intermedigtes ,
presumably of the constitution Ga12°Ga1&+/Ga12"Ga1h", The segregants
in all these tests are identified by (1) crossing experiments with Galy”
and Galy,” testers, (2) deriving X and subjecting the testers to its
action, and (3) applying Afrom Gel”, Ga1,”, Gal)™, ete. The Gely”

Galh“', a crossover type, has not been conclusively and consistently
egtablicshed, This double mutant would be identified as one which 1s
subject to transduction by Afrom Gal® and from any Gal® other than

Galy” or Gal),”, and would yield no Gal* recombinants in crosses with

Galz"’ and Ge.lh" testers,



